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OPTICAL ATTENUATOR DEVICE, RADIATION SYSTEM 

AND LITHOGRAPHIC APPARATUS 
THEREWITH AND DEVICE MANUFACTURING METHOD 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 

[0001] The present invention relates generally to an optical attenuator device for 
improving a homogeneity of a beam of radiation and more particularly for use of such a 
device in a lithographic apparatus. 

SUMMARY OF THE INVENTION 

[0002] One aspect of embodiments of the present invention includes an optical attenuator 
device for improving a homogeneity of a beam of radiation for use in a lithographic 
apparatus, said optical attenuator device including at least one optical attenuator element 
which removes a part of said radiation from said beam of radiation. By removing a part of 
the radiation from the beam of radiation, in particular from a beam part having a higher local 
intensity than an average intensity of the beam of radiation, the homogeneity of the total beam 
of radiation will be improved, with beneficial effects on exposure, uniformity of features (line 
thickness etc.). Here, as in the rest of the application, the term optical (radiation) relates to a 
range of wavelengths of any radiation used, such as electromagnetic radiation including EUV 
and DUV, as well as visible radiation. The terms "uniformity" and "homogeneity" are used 
interchangeably herein. 

[0003] In certain embodiments, the at least one optical attenuator element is movable 
such that a cross-sectional area as presented to the beam is modifiable and at the same time a 
3-dimensional shape of said optical attenuator element remains mirror symmetrical with 
respect to a line parallel to a propagation direction of the beam of radiation. In particular, 
said propagation direction is taken as an optical axis of symmetry of the beam of radiation, 
while said line intersects the common edge in the center thereof. However, said line may 
intersect the optical attenuator element in a different point of the common edge. Herein, the 
at least one optical attenuator element may extend in a direction perpendicular to a scanning 
direction, when the optical attenuator device is used in a scanning lithographic apparatus. 
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|0004] This embodiment offers the possibility of changing the amount of radiation that is 
taken out of the beam, e.g., by increasing the cross-sectional area of the optical attenuator 
element(s) as seen by the beam of radiation, while at the same time an angular dependent 
attenuation of the beam of radiation is avoided. 

[0005] U.S. Application Publication No. 2003/0063266 Al appears to describe an 
intensity adjustment device, comprising rotatable blades. However, when such blades are 
rotated in a beam that consists of rays that are not all strictly parallel, as is the case in any real 
projection beam, the rotation will introduce a different angular intensity distribution on both 
sides of the blades. In many practical situation, targets to be illuminated by the beam, such as 
patterning devices in a lithographic apparatus, may be placed in a focal plane of the beam 
(field plane). This means that the angular intensity distribution will change when travelling in 
the direction of the beam towards the field plane. A rotatable blade may then block a certain 
first part of the beam on one side of the blade, and a certain second part on the other side of 
the blade. The first and second part are situated at different distances from the field plane, 
and hence may be attenuated differently. This is to be avoided, and the present embodiment 
does this by providing a symmetrically movable attenuator element. 

[0006] Such optical attenuator elements may be provided in a central part of the beam. 
Herein, it is to be understood that this situation relates to a use of the optical attenuator device 
in a beam of radiation, notably in a beam of radiation in a lithographic projection apparatus. 
The term "central part" is meant to indicate that part of the beam, as seen in a plane 
perpendicular to the beam, in which there is a substantially symmetrical angular intensity 
distribution. That is to say, when one takes a point in a plane illuminated by the beam of 
radiation, in particular a field plane at an illuminated object, then the collection of rays 
travelling towards that point should form a distribution which is point symmetrical with 
respect to the direction of the beam as a whole. Hence the angular light distribution in a 
plane is symmetrical: every direction and its mirrored counterpart provide an equal amount of 
radiation. Note that, away from the field plane, towards the edges of the beam of radiation 
there will be certain directions that are not able to provide radiation, the extreme case being 
the edge itself. This is due to the fact that there are only contributions from the side of the 
beam. In the central part, there is an overlap of cones from all directions, such that the 
angular distribution is substantially the same at every point. It also follows that it is not 
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necessary for the optical attenuator to be present in the geometrical center of the beam, since 
in a (central) part of the beam the cone will generally be filled substantially to a maximum, 
which depends in part on the numerical aperture of the optical system. It is this part which 
may be attenuated by the optical attenuator(s), although it is not strictly necessary. 

[0007] By providing an optical attenuator element such that it removes a part of the 
radiation in a central part of said beam, the quality of the beam will not be severely 
deteriorated as to aspects such as telecentricity and ellipticity. This is based on a position of 
the optical attenuator element in the central part of said beam, or at least not in a "wing" or 
"ramp" of the beam, in which the angular distribution of radiation is not fully developed. 
Note that this situation holds especially in the case of a scanning lithographic apparatus, in 
which illumination of a target portion of a surface to be illuminated takes place in a scanning 
direction which makes an angle with the central line, preferably a right angle. In this case the 
beam of radiation sweeps across the surface to be illuminated. As long as the integrated 
intensity of all of the beam that illuminates a certain point of the surface to be illuminated has 
a full and regular angular distribution, relatively little telecentricity versation, for example, 
will occur. This distribution is itself a combination of the distributions that arise from every 
part of the beam that participates in the illumination. Now, when the optical attenuator 
element takes away some radiation from a beam part in an edge of the intensity distribution, a 
correct integrated intensity distribution is not very likely, while when radiation is taken away 
from the central part, the optical attenuator element automatically takes away a first part from 
a first angular distribution as well as its mirrored counterpart, such that overall the integrated 
angular distribution will not change. The consideration that the presence of the optical 
attenuator element in the central part of the beam of radiation is advantageous for a scanning 
lithographic apparatus holds in principle for every combination of such a scanning 
lithographic apparatus with such an optical attenuator element. 

[0008] Often, the central part is located around a line of symmetry, and in particular an 
axis of symmetry in a direction of the largest cross sectional dimension of the beam, or a line 
dividing the beam, in particular the cross section of the beam, in two parts having an equal 
shape. Though symmetry is advantageous in preventing possible inhomogeneities, it would 
in principle suffice for the optical attenuator element to be present in the central part. In the 
following, wherever the term "central line" is used, it is to be understood that "central part" is 
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to be included. Likewise, the term "is symmetrical with respect to the central line" and its 
equivalents comprise "is symmetrical with respect to a line in the central part" as described 
above. Note that the line need not be a straight line, especially in cases in which the beam has 
a non-rectangular shape. For example, in certain lithographic apparatus, the cross-section of 
the beam of radiation is more or less arc-shaped, and the central line is a curved line dividing 
the arc in two halves along its length. 

[0009] The considerations of the optical attenuator element or elements being 
symmetrical with respect to a central line, and being present in a central part hold throughout 
the present application. 

[0010] In an advantageous embodiment, at least one optical attenuator element comprises 
at least two sheets having edges, said sheets being connected to each other at a common edge, 
and the optical attenuator device comprises a sheets actuator for moving at least one of said 
sheets with respect to another of said sheets, around an axis formed by said common edge. 

[0011] Preferably but not exclusively, such sheets are substantially flat. Although it is 
not necessary that the optical attenuator element comprises an element which is flat, a flat 
element generally has the property that, when it is arranged extending in a plane parallel to 
the beam of radiation, it provides only a small cross-sectional area. When the homogeneity of 
the beam cannot or need not be improved by the optical attenuator element, then an element 
which is flat need not be removed from the beam, as it will allow most of the radiation to pass 
unimpededly. 

[0012] In one embodiment, an axis for rotating the sheets extends perpendicularly to the 
direction of the beam of radiation, in order to change a cross-sectional area of the sheets 
efficiently. Preferably, the axis also extends parallel to or perpendicularly to a central line of 
said beam of radiation. This allows the sheets to remove a part of the radiation from the 
beam of radiation in a symmetrical fashion. The sheets may have a rectangular shape. By 
arranging such sheets in a symmetrical fashion with respect to the beam, a very symmetrical 
influence may be exerted on the intensity and homogeneity of the beam of radiation. 

[0013] This embodiment generally has the property that the removal of a part of said 
radiation of said beam of radiation can be performed highly symmetrically, in particular when 
said sheets are moved, and advantageously rotated, in a mirror-like fashion around said axis. 
In other words, one of the sheets is rotated, while the other is counterrotated. 
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[0014] Although it is conceivable to have more than two sheets, connected at a common 
edge, it is sufficient to have two sheets because this is the simplest way to achieve symmetry. 
Moreover, in many cases, any third, fourth, etc. sheet would only screen radiation from a first 
or second sheet, without adding much influence on the beam as a whole. 

[0015] Said arrangement of two sheets connected at a common edge may be obtained by 
folding one large sheet in two, such that the two halves of the large sheet come to over-lie 
each other. However, any other method of providing such an arrangement is also possible, 
for example gluing, welding, or otherwise fastening two sheets together. 

[0016] The sheets' actuator may comprise for example a simple motor, such as an 
electromotor together with a transmission for transmitting the movement of the electromotor 
to the sheets. The transmission may for example be a shaft connected with both the sheets 
actuator and the sheets. 

[0017] It is specifically noted that the term "moving" at least one of said sheets not only 
comprises a movement in which the shape of said sheet or said sheets does not change, such 
as a simple rotation. It is also possible to move at least one sheet by changing the shape of 
said sheet, e.g., by bending etc., said sheet. In this context, the phrase "around an axis formed 
by said common edge" indicates that the projection of said sheet on a plane perpendicular to 
said axis remains substantially a curve, having substantially zero area. In other words, every 
tangent plane to said sheet remains substantially parallel with said axis. 

[0018] Advantageously, the at least two sheets comprise an electrically conducting 
material, and the actuator comprises a current source connected to the electrically conducting 
material, for charging the electrically conducting material. This embodiment provides a 
method for moving the sheets substantially without any mechanically moving parts. The 
actuator is based on electrical repulsion of equally charged parts. Herein, a material is 
considered to be electrically conducting when it has a specific conductivity higher than 
0.01%, and preferably higher than 1% of the conductivity of copper. Most metals and alloys 
satisfy this requirement. Said sheets may comprise foils of metal or metal alloy, or foils of an 
other material, e.g., a plastic, which is covered with an electrically conducting material. The 
sheet need not consist entirely of, or be completely covered by, an electrically conducting 
material, although this may have the advantage of a more precisely controllable movement of 
the sheet. 
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[0019] In another embodiment of the optical attenuator device according to the invention, 
at least one optical attenuator element comprises a ribbon or wire having a width profile 
which varies over the length of said ribbon or wire. Said ribbon is, for example, arranged 
such that it extends in a plane formed by the direction of the beam of radiation and the central 
line of a cross-section of said beam. In other words, a side of the ribbon is presented to the 
beam, which means that a smallest cross-sectional area of the ribbon is offered to influence 
the beam of radiation. This has the advantage of having a small cross-sectional area, yet a 
relatively large amount of material, which imparts rigidity to the optical attenuator element. 
In the case of the optical attenuator element being a wire, it is advantageous when the wire is 
rotationally symmetric, which means that a rotation or rotational deformation of the wire does 
not present a different cross-sectional area. This means that substantially always the same 
amount of radiation is removed from said beam of radiation. 

[0020] U.S. Application Publication No. 2003/0063266 Al appears to disclose an 
intensity correction device for a scanning lithographic apparatus, comprising a number of 
wires that extend parallel to the scanning direction and that are movable in the direction 
perpendicular to the scanning direction. Wires that extend parallel to the scanning direction 
cannot generally be used in or near a filed plane, as this would lead to a total block of 
radiation at the position of those wires since no part of the beam would contribute any 
radiation. Only by placing the wires out of focus, i.e., out of the field plane, dark spots are 
prevented. This, however, allows a less precise local control of homogeneity correction. By 
using a wire, ribbon, or in general an optical attenuator element that extends in a central part, 
it becomes possible to locate the element in a field plane, since there are radiation 
contributions from the "left" and/or the "right" of the element. This allows a more precise 
local control of the homogeneity correction, since there are no penumbras of the optical 
attenuator element to be taken into account. This latter consideration holds generally for 
every optical attenuator element located in a central part of the beam, and for a number of 
other embodiments. 

[0021] In another embodiment, the ribbon extends substantially in a plane perpendicular 
to the beam of radiation. This offers the possibility of using a very flat optical attenuator 
element, which may be preferable if there is very little space available, or if the limits on 
dimension would either severely limit the physical strength of the ribbon. E.g., in practice, in 
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a number of lithographic apparatus, there is only about 0.75 mm space available, with beam 
dimensions of 10 x 30 mm. In order to have up to 10% attenuation, the ribbon or wire should 
be up to 1 mm wide. Since this dimension is larger than the available space in the 
perpendicular direction, the ribbon will extend in the plane perpendicular to the beam of 
radiation, allowing a thickness of much less than the available 0.75 mm. 

[0022] In certain embodiments, the ribbon or wire has a length which is at least two 
times as long as a portion of the ribbon or wire which is present in the beam of radiation, and 
the ribbon or wire is movable with respect to the beam by means of a ribbon actuator, a wire 
actuator respectively. This generally has the property that, by moving said ribbon or wire 
along its length, a different part thereof, having a different thickness profile, may be arranged 
in the beam of radiation. In this way, a different part, e.g., a different amount, of radiation 
may be removed from the beam of radiation. This allows a greater flexibility of the system by 
being able to modify various intensity profiles of beams of radiation. 

[0023] In an another embodiment the ribbon or wire is wound on two reels, and the 
optical attenuator device further includes a reel drive for moving the ribbon or wire with 
respect to the beam. By providing two reels and a reel drive for moving the ribbon or wire 
with respect to the reels, a method is provided for varying the presented width profile, i.e., the 
influence on the homogeneity of the beam of radiation. In particular, the ribbon and/or wire 
is selected to be flexible, such that it may be wound on a reel. The two reels and the reel 
drive may be constructed like corresponding parts of a tape recorder, although other 
embodiments thereof are not excluded. 

[0024] The reel drive may include one or two motors, although any other number is also 
possible. An aspect of the embodiment with one or two motors is the relatively simple 
construction which still allows easy provision of many different correction profiles. 

[0025] The embodiment with a ribbon or wire is useful in various kinds of optical 
attenuator devices because of its compactness. More precisely, it only requires very little 
space for the ribbon or wire itself, while reels, motors therefor, etc. may be located away from 
that location, where there is more space available. In particular, for radiation systems in 
which the source comprises a substrate of transmissive material, such as a quartz rod in DUV 
and UV systems, the one or more ribbons and/or wires may be located in the often narrow 
space between an exit surface of the substrate of transmissive material and any part which is 
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present thereafter. Other possible locations include intermediate planes in the beam, such as 
for example at the level of conventional uniformity correction modules, the function of which 
may be enhanced or replaced by the presence of the present embodiment, or for example near 
a patterning device, Le. 9 within say 1 cm of a means to impart a patterned intensity 
distribution to the projection beam of radiation. 

[0026] It may be useful to be able to correct an intensity by up to 10%, and in particular, 
in practical cases, by up to 1.5%. This may be achieved by using a ribbon or wire having a 
maximum thickness/width, as seen in the direction of the beam of radiation, of 10%, or more 
particularly, up to 1 .5%, of the dimension of the beam in the direction perpendicular to the 
extension of the ribbon or wire. When the ribbon/wire is located immediately under a quartz 
rod (integrator) of dimensions 10x31 mm, wherein the scanning direction is perpendicular to 
the longest of these two dimensions, an effective thickness as seen by the beam of 0.15 mm 
will suffice to provide the required 1.5% attenuation. Note that the direction of extension of 
the ribbon or wire will generally be perpendicular to the scanning direction, as applied in a 
scanning lithographic apparatus. This will be elucidated further below. 

[0027] The effective thickness/width as mentioned in the previous paragraph may be 
obtained by a wire with a circularly symmetric cross-section, or with a ribbon with a width or 
cross-section equal to the desired profile. In this latter case, the ribbon may be provided such 
that it extends in a plane parallel with the beam of radiation, in which case it can have any 
desired width. It is however also possible, and preferred for compactness, to use a ribbon 
which extends in a plane perpendicular to the beam. In this case it is either possible to use a 
very narrow ribbon, the width being determined by the local profile, or it is possible to use a 
ribbon which comprises a transmissive carrier material and a non-transmissive part, the width 
of the non-transmissive part corresponding to the desired correction profile. 

[0028] A possible material for the ribbon or wire is metal. This is not only a strong 
material, showing a high absorption of radiation, if necessary after appropriate treatment, but 
it is also able to withstand high temperatures. This is a useful property since absorption of 
often high intensity radiation will raise the temperature of the ribbon or wire to rather high 
values. Nevertheless, other materials with comparable properties are conceivable as well 
including ceramics, plastics and dielectrics. Furthermore, to avoid a high thermal load, it is 
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advantageous to arrange the ribbon/wire in a position where the beam has been expanded to a 
larger dimension, i.e, a lower intensity. 

[0029] The ribbon or wire may be of any length, if the beam has a length of N mm, then 
the length of the ribbon or wire is at least 2 N mm, but may be at least 5 N mm, and in a 
particular embodiment, at least 10 N mm. A longer length allows the presence of more 
thickness profiles, although it will take longer for the reel drive to arrange the desired 
thickness profile in the beam of radiation. 

[0030] In one embodiment, at least two of the optical attenuator elements are arranged in 
the beam of radiation, side by side or in parallel planes, as seen in the direction of the beam of 
radiation. In this way, it is possible to provide a very large number of different combinations 
of intensity profiles, for correcting a corresponding number of intensity profiles of the beam 
of radiation, with a limited number of parts, i.e,, ribbons/wires and reel drives. One of the 
ribbons or wires has at least one part of its length which has a thickness/width profile which 
varies symmetrically over said part of said length, while at least one other ribbon or wire has 
at least one part of its length which has a thickness/width profile which increases linearly over 
part of its length. This combination of thickness/width profiles allows a correction, at the 
same time, of a symmetrical but inhomogeneous intensity profile of the beam together with a 
linearly increasing intensity, which is often caused by a tilt in the radiation system. 
Preferably, each of the ribbons or wires comprises a number of parts with such symmetrical 
thickness/width profiles, linearly increasing thickness/width profiles respectively. 

[0031] In another embodiment of the invention, the optical attenuator device comprises a 
first mirror and a second mirror and a slit mirror actuator, wherein a slit is present between 
the first and second mirror, wherein at least one of the first and second mirror is movable with 
respect to the beam of radiation by means of a slit mirror actuator, such as to allow the slit to 
have a variable width as seen by the beam of radiation. This embodiment allows a part of the 
radiation of the beam of radiation to be removed by not reflecting said part of the radiation. 
This has certain advantages, in that it becomes possible to provide control to influence the 
amount of removed radiation, without removing radiation, because they may be arranged 
behind the mirrors, for example. Note that the extra reflection from this mirror should be 
taken into account in the design of the total apparatus in which this optical attenuator device 
is to be used. 
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[0032] Such an optical attenuator element may be applied in an EUV radiation system, 
since there will almost always be at least one mirror present for guiding the beam of radiation. 
However, in other systems, such as DUV radiation systems, such an optical attenuator 
element with a mirror may also be provided. In principle, a mirror itself will not influence the 
properties of the beam, apart from absorbing an (often very small) amount of the radiation. 
Note that it is possible that the mirrors are curved, in which case the mirror is capable of 
bundling the radiation. This may be useful in, e.g., EUV systems, because for EUV radiation 
the mirrors show losses of up to 30% at each reflection. By concentrating the radiation this 
loss may be compensated. In the case of curved mirrors the term "plane" as used above 
should be extended to include curved surfaces as well. A movement of a curved surface 
should also include a curvilinear motion, notably in a curved surface of which the mirror 
surface forms a part. 

[0033] The slit as present between the first and second mirror, may have any width, also 
a zero width. This is the case when the first and second mirror are adjacent and in the same 
plane, for example when no intensity correction is required. 

[0034] In certain embodiments the mirrors may be made up of a plurality of part mirrors, 
which are movable with respect to the slit by means of an actuator. Both the first and/or 
second mirrors may be composite mirrors, each comprising a plurality of part mirrors, 
preferably adjacent. There may be slits present between each individual part mirror and a 
mirror or part mirror on the opposite side of a central part of the beam of radiation. The slits 
may form one large slit, but may also be staggered, to be able to modify the intensity in 
different parts of the beam. Every part mirror may be separately actuatable. The correction 
which is brought about by the slit may be varied by adapting the width of the slit by means of 
the part mirror actuator, e.g., by moving the part mirrors towards each other, or vice versa. 

[0035] In applications where exposure is obtained by means of a time averaged 
illumination, it is possible to arrange the optical attenuator elements and/or their movement in 
a direction that contains a non-zero acute angle with a scanning direction. This offers the 
possibility of smearing out the influence of border lines of the individual optical attenuator 
elements. For example, in a scanning lithographic apparatus, there is a scan direction, in 
which an object is moved with respect to the beam and which is often substantially 
perpendicular to the central line of the beam. The optical attenuator element(s) and/or 
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movement(s) thereof preferably make an angle between 10-45° with said scan direction. An 
aspect of this measure is that any lines, boundaries etc. between optical attenuator elements 
are blurred, because neighbouring elements will come to overlap in the integrated 
illumination. This may be compared with the discussion regarding attenuator elements 
extending in the scanning direction and present in a field plane. 

[0036] The first mirror may be movable with respect to the second mirror by means of a 
mirror actuator. In this embodiment, both the first and the second mirror are movable with 
respect to each other, and may be moveable in a symmetrical fashion with respect to the slit 
and/or the central line of said beam of radiation. A symmetrical arrangement introduces a 
symmetrical correction of the homogeneity of the beam of radiation, with the least ellipticity 
and telecentricity problems. Again it is noted that more generally, "symmetrical" should 
comprise "located in a central part of the beam," as described above. 

[0037] Note that the embodiments with the two (part) mirrors and the slit(s) allows 
arrangement in a field plane, with precise local control of the intensity, as well as 
arrangement in a central part, which prevents problems like telecentricity. 

[0038] In another embodiment of the optical attenuator device according to the present 
invention, the optical attenuator device comprises at least one optical attenuator element 
which comprises a body that has at least one channel therein and is made of a material which 
is transparent for said radiation, wherein the channel is fillable with a medium. In principle it 
may suffice to offer the possibility to use the change in transmission between an empty 
attenuator element, Le. 9 without medium in a channel, and a filled attenuator element, Le., 
with medium in a channel, which change may be due to differences in transmission 
coefficients between the medium and the attenuator body. Even a medium which is 100% 
transparent will probably give different net reflection losses at the interface between medium 
and the material of the attenuator element itself. Herein, the term "medium" is intended to 
comprise liquid material or mixtures, gases, as well as molecular flows, e.g., at pressures of 
10" 1 Torretc. 

[0039] The optical attenuator device may include an injector for filling at least one of the 
channels with a controllable amount of the medium. Herein, use is made of a constantly 
medium filled channel, wherein an optical density of said medium, and hence the attenuator 
element, is modified by injection of any substance into the medium that will change said 
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optical density, e.g., an ink like carbon black, and so on. This embodiment offers the 
possibility of providing an optical filter which may change its optical density dynamically 
without any mechanical moving parts in the beam of radiation. 

[0040] It suffices to have a seal able opening or an injector in a or each channel for 
providing the substance. The optical attenuator device may further include a container 
containing a substance having a higher specific absorption for the radiation than the medium, 
wherein said injector is constructed and designed for filling at least one of said channels with 
a controllable amount of said substance. This "on board" supply of the substance allows a 
truly independent and dynamical adaptation of the intensity even during illumination. 

[0041] A supply of medium may be provided for the channels, such that fresh medium 
without said substance is injectable into the channels. This allows a flushing of the channel, 
in order to reduce the absorption. A preferred injector may comprise injectors which are 
commonly used in inkjet printers heads, which has the advantage of mature technique and 
good availability. Other types of injectors are however not excluded. 

[0042] It is noted that the attenuator element with a channel may be provided with other 
technical features. In particular, the attenuator element may be provided with a partial 
reflective or absorptive coating, and two or more attenuator elements may be provided such 
that they may overlap each other in at least part of the beam. The corresponding advantages 
will be discussed below, in respect of other preferred embodiments according to the 
invention. 

[0043] In another embodiment of the invention, the optical attenuator elements comprise 
an optical filter element having an optical density which varies as a function of position along 
a length of the optical filter element, wherein the optical filter element is rotatable with 
respect to the beam of radiation by means of a filter element rotator. This embodiment allows 
many different intensity corrections. In the case that the filter has an optical density that 
varies only as a function of position along the length, the intensity may be corrected by 
shifting the filter element into or out of the beam, and by rotating the filter element, there may 
be provided a tilt correction in the intensity, e.g., due to a displacement of the beam or beam 
source with respect to its desired position. This will be further elucidated in the description 
of the figures. Note that many different intensity corrections are possible with a relatively 
small filter element. 
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[0044] The optical attenuator elements may include at least two optical filter elements, 
each having an optical density which varies as a function of position along a length of the 
optical filter element, at least one of said at least two optical filter elements being rotatable 
with respect to another of said at least two filter elements. This embodiment provides even 
more possibilities for correcting the intensity distribution, by allowing also combinations of 
two different filter optical densities, by shifting one or more filter elements parallel to 
themselves, but also, e.g., tilt corrections by rotating one filter element with respect to the 
other, or by rotating both filter elements in opposite directions over equal angles, i.e., in a 
symmetrical fashion with respect to each other. An aspect of this type of optical filter 
elements is that, provided they are larger than the projection of said beam of radiation on the 
optical filter elements, they may provide a number of different transmission profiles, by 
moving said optical filter element with respect to said beam of radiation. By using two such 
optical filter elements in a mirror-symmetrical fashion, a symmetrical intensity profile 
correction may be obtained, in order to prevent telecentricity problems. 

[0045] Note that in all cases a favored axis of rotation extends parallel to the direction of 
the beam of radiation. 

[0046] An embodiment includes a first optical filter element, having an optical density 
which varies as a first function of position along a length of the first optical filter element, 
and a second optical filter element, having an optical density which varies as a second 
function of position along a length of the second optical filter element, wherein the first 
function is substantially a reciprocal of the second function. This allows an intensity 
correction which is itself symmetrical with respect to, for example, a line along the length of 
the beam. Such symmetrical corrections are advantageous to prevent introduction of, for 
example, telecentricity. Note that the expression "reciprocal" relates to "equivalent in the 
opposite direction." In other words, the second optical filter element has the same optical 
density as the first optical filter element but has been rotated by 180 degrees with respect to 
the first optical filter element. 

[0047] In another embodiment according to the invention, said optical attenuator device 
comprises a plurality of mutually parallel strips which are movable into the beam of radiation 
and which are made of a material which is between 10% and 100% transparent for said 
radiation, and preferably between about 80% and about 100% transparent for said radiation. 
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[0048] The optical attenuator device may flirther include a parallel strips actuator for 
moving said strips with respect to said beam. By providing such a parallel strips actuator, it 
is possible to block more or less radiation in the beam, which provides the possibility of 
modifying the intensity in the beam. 

[0049] The optical attenuator device may include a first plurality of mutually parallel 
strips which are movable into the beam of radiation from a first side thereof, and a second 
plurality of mutually parallel strips which are movable into the beam of radiation from a 
second side opposite the first side. This offers the possibility of a symmetrical intensity 
correction, which is useful in view of, e.g., avoiding telecentricity. 

[0050] It is not strictly necessary to locate said strips in one plane. The strips may be 
arranged in a plane perpendicular to the beam direction, because this offers the most compact 
arrangement. Furthermore this will prevent reflection of light in unwanted directions. 

[0051] The two strips may be located opposite each other with respect to a central line of 
said beam, possibly symmetrically with respect to said central line. This embodiment has the 
feature that an even better symmetrical correction is possible. Furthermore, carrying off of 
heat from absorbing radiation is improved because of the doubled total cross-section of the 
strips, in other words there is more material for carrying off the same amount of absorbed 
energy. 

[0052] The strips of the first plurality of strips may be movable in a first plane, and the 
strips of the second plurality of strips may be movable in a second plane that is parallel and 
non-coplanar with the first plane. In this way, movement of a strip will not influence any 
other strip's movement. At least one strip may be movable into a position in which said at 
least one strip partly overlaps at least one other strip. This not only allows a broader range of 
intensity corrections, since overlapping strips cause even more radiation to be removed from 
the beam of radiation, but it also effectively removes radiation that is scattered off edges of 
the strips and also prevents that radiation slips through slits between adjacent strips. 

[0053] An axis of symmetry of at least one strip of said first plurality of strips may be 
displaced with respect to a corresponding axis of symmetry of at least one strip of said second 
plurality of strips, for example by half a width of said at least one strip of the first plurality of 
strips. 
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[0054] This may allow an even more precise intensity correction, because corrections by 
two adjacent strips from one set of strips on one side of the beam are supplemented by 
corrections from strips of the other set on the opposite side of the beam at intermediate 
positions. Furthermore, in the case of overlapping strips, leaking of light between adjacent 
strips is prevented very reliably. 

[0055] In one embodiment, the strips of the first plurality of strips extend in a first 
direction, and the strips of the second plurality of strips extend in a second direction that is 
non-parallel with the first direction. The first direction may be the mirror of the second 
direction with respect to an axis of symmetry of the beam of radiation, for example 
perpendicular to a scanning direction and often the longitudinal direction. 

[0056] In this embodiment, the influence of any radiation leaking through a slit between 
adjacent strips is reduced even further, at least in a scanning lithographic apparatus, because 
such slits are smeared out over many different positions along the direction perpendicular to 
the scanning direction. 

[0057] In another embodiment of the invention, the optical attenuator device comprises a 
mirror and at least one radiation blocking element which is movable through an opening in 
said mirror by means of a radiation blocking element actuator. Here, the beam of radiation is 
incident on said mirror under a non-right angle. The radiation blocking element, that extends 
under a non-zero acute angle with the beam of radiation, e.g., perpendicular with respect to 
the mirror, will cast a shadow in the beam of radiation. This corresponds to removing a part 
of the radiation, and thus to the possibility of modifying the intensity distribution. Only the 
part that protrudes from the mirror surface through the opening serves to block radiation, 
while the rest of the radiation blocking element, as well as its actuator remains hidden behind 
the mirror. 

[0058] Any actuator may be hidden behind the mirror, thus preventing any additional 
influence on the radiation, while still radiation may be removed from a central part of the 
beam, when the opening is present in the central part of the beam. This also allows said 
actuator(s) to be less compact. 

[0059] The mirror with opening(s) and radiation blocking element(s) is often placed at a 
strongly defocused position, which provides smearing out of the shapes of the individual 
radiation blocking elements. 
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[0060] A plurality of radiation blocking elements may be provided in a row that extends 
in a central part of the beam, and potentially in a direction perpendicular to a scanning 
direction when used in a scanning lithographic apparatus. This offers local correction 
possibilities. The elements may be located adjacent in one or a few openings, or they may be 
located each in a separate opening. It is also possible to design the opening as a slit, 
preferably one that has a variable width, according to one of the embodiments mentioned 
above. This allows control over intensity corrections. 

[0061] In another aspect of the invention, the at least one optical attenuator element 
includes a filter which comprises a substrate of a material which is transparent for said 
radiation, and a coating on said substrate, wherein said coating comprises at least one of an 
anti-reflection coating and an absorptive coating, wherein only on a part of said substrate said 
coating is present, said part having a length in a longitudinal direction and a width that varies 
over the length. Such a filter has a different transmission in the coated part and in the non- 
coated part. Hence by positioning the filter in an appropriate way, a correction of the 
intensity of the beam may be performed. 

[0062] In particular, coating is an antireflection coating, and the part where the coating is 
present is located in the center of the filter, such that the beam of radiation will pass the filter 
through the coated part. Only the edges of the beam may be influenced by the edges of the 
coated part when that part is smaller than the beam width. In fact, the edges of the non- 
coated part that protrude into the beam provide intensity correction, in that those edges 
transmit less radiation, the width of the part of the edges that protrudes into the beam 
corresponding to the amount of correction. Note that such an optical attenuator element does 
not introduce any angular dependency in the intensity distribution, since all attenuation takes 
place at, in principle, the same distance from the focal plane. In fact, such a filter may be 
positioned in a field plane, thus offering very precise local control of intensity correction. 
Such position also prevents introduction of telecentricity problems, since in a field plane it is 
not possible to remove only part of the directions of radiation that contribute to the 
illumination of a point of the filed plane. In other words, when a point in the field plane is 
blocked from radiation by an optical attenuator element, the full cone of radiation is blocked 
at once. Yet in other words, there are no penumbras in the field plane. If the filter is located 
away from a field plane, the usually only small difference in transmission between the coated 
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part and the non-coated part ensures that even a width which varies in the edge of the beam 
will not introduce much telecentricity because of the same reasons as discussed in connection 
with the partly transmissive strip elements. If desired, it is also possible to design a filter in 
which the coating has been removed from, or is at least not present in, a central part of the 
beam. This will even better prevent telecentricity problems. 

[0063] The coated part may have an axis of symmetry in the longitudinal direction. The 
width of the coated part may vary as a function of position in said longitudinal direction, 
which function corresponds to a reciprocal of an integrated intensity of the beam of radiation, 
as integrated in a scanning direction, preferably a direction perpendicular to said longitudinal 
direction. This offers a method of providing a filter for intensity correction for a particular 
beam of radiation, that may be located in a field plane, thus not introducing telecentricity 
problems, and without problems of scattered light or slits. Moreover, such a filter can be 
made with very high quality and at a very low price, and it has a high thermal stability. 

[0064] In another aspect of the invention, there is provided a filter, comprising a 
substrate with a surface, and an anti-reflection coating, wherein said anti-reflection coating is 
present on a central part of the filter, and said anti-reflection coating is absent on a remaining 
part of said surface, said central part of the filter extending in a longitudinal direction from 
one edge of the filter to an opposite edge of the filter and having a length in said longitudinal 
direction and a width in a direction perpendicular to the longitudinal direction, wherein said 
width varies over said length, wherein said central part of the filter has a homogeneous 
transmission of at least 90% for a predetermined type of radiation, wherein said remaining 
part has a transmission that is lower than the transmission of said central part of the filter. 

[0065] This filter allows the possibility of measuring a beam profile without removing 
the filter out of the beam of radiation, and yet without influencing the beam. When 
measuring a beam profile, a small measuring probe is passed through the beam in a direction 
perpendicular to the scanning direction. At every position the intensity is measured. This 
measured intensity correctly represents the true beam profile in absence of the filter, apart 
from a very small but homogeneous absorption by the filter. 

[0066] The transmission of the remaining part may be substantially homogeneous. This 
offers control over local intensities, especially in the case where the filter is located in or near 
a field plane. 

- 17- 

3042397 Ivl 



P-1797.000-US 



[0067] The homogeneous transmission, of at least 90%, is dependent on the radiation 
used. For many types of radiation, in particular the longer wavelengths, the transmission for a 
multi-coated quartz filter may be much higher, e.g., more than 99%. In any case, the 
transmission is high and homogeneous, while in the non-coated part the transmission is 
lower. 

[0068] The central part of the filter may have a homogeneous transmission of at least 
98% for the predetermined type of radiation, wherein said remaining part has a substantially 
homogeneous transmission that is lower than the transmission of said central part of the filter, 
thus providing a favourable combination of the above mentioned advantages. 

[0069] In an embodiment of the filter, the central part of the filter has a shape with an 
axis of symmetry parallel to said longitudinal direction. This provides a symmetrical 
intensity correction, which is desirable, e.g., to prevent telecentricity problems. 

[0070] In one aspect of the invention, there is provided a method for producing the filter 
according to the invention, comprising: 

[0071] - providing a substrate having a surface and having a transmission of at least 
90% for a predetermined type of radiation; 

[0072] - applying a removable material on the surface, such that a central part of the 
filter is kept free from said removable material while a remaining part is covered with the 
removable material, wherein said central part of the filter extends in a longitudinal direction 
from one edge of the substrate to an opposite edge of the substrate and having a length in said 
longitudinal direction and a width in a direction perpendicular to the longitudinal direction, 
wherein said width varies over said length as a predetermined function of position along said 
length; 

[0073] - applying an anti-reflection coating over both the removable material and the 
remaining part of the surface; and 

[0074] - removing the removable material together with all of the anti-reflection 
coating that has been applied over said removable material. 

[0075] The removable material may, e.g., be a sheet or foil that has been cut in the 
desired shape. This shape may be determined on the basis of a measurement of the beam 
profile. Deviations from the desired intensity may be corrected by the filter, by having a 
corresponding part of the non-coated surface extend into the beam. This may be a one-to-one 
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correspondence if the filter is placed in a field plane. If the filter is located outside a field 
plane, its shape may be calculated on the basis of the effect of the projection of that shape on 
the level of the field plane, or in general the surface to be illuminated. This calculation may 
be carried out by performing a convolution of the desired intensity correction at the level of 
the field plane to the level of the filter. 

[0076] The filter may be coated on both sides, since this will tend to maximize the 
transmission at the coated part. Hence, the width of each of the two coated parts may be 
adapted accordingly. In most cases, halving the width variations with respect to its average 
value will do. 

[0077] An aspect of the invention provides an radiation system constructed to provide a 
beam of radiation with a homogeneous intensity distribution, comprising a source of 
radiation, a collector constructed to collect said radiation into the beam of radiation, and an 
optical attenuator device according to the invention. By thus providing a combination of a 
source or radiation that provides a beam, and an optical attenuator device according to the 
invention, the optical attenuator device may be adjusted optimally to the specific properties of 
the beam provided by the source. Nevertheless, it is also possible to provide an apparatus 
only with an optical attenuator device according to the invention, wherein the beam is 
provided from an external source, e.g., by means of mirrors etc. Note that any and all optical 
attenuator device according to the invention may be used in such a device, while also any 
combination of two or more optical attenuator devices is possible. 

[0078] In the above, the source may be any kind of source that provides the desired 
radiation, e.g., a Hg-lamp, an excimer lamp, etc. The collector may comprise one or more 
suitable lenses, mirrors etc. In particular, a laser may also be considered to be comprised in 
the source-collector combination. Herein, the lasing medium is considered the source of 
radiation, and the laser mirrors are considered the collectors, because these provide the beam. 

[0079] In an aspect of the present invention, the radiation system further comprises a 
field facets mirror comprising a plurality of facets that are arranged in the beam of radiation, 
each facet constructed to reflect a part of the beam of radiation as a reflected part beam, such 
that at least two of said reflected part beams overlap at a predetermined distance from the 
field facets mirror, wherein the optical attenuator element comprises at least one rod between 
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the collector and the field facets mirror, wherein the rod extends in a non-parallel direction 
with respect to the beam of radiation. 

[0080] This arrangement is useful in so-called EUV apparatus, wherein the source is, 
e.g., a plasma source providing very short wavelengths, e.g., 15 nm. For these wavelengths 
there are no known transparent materials that can provide lenses. Hence shaping the radiation 
into a beam is performed by means of reflectors, such as a paraboloid mirror located opposite 
the intended beam direction, or a number of concentric curved mirrors located at side of the 
beam. 

[0081] The beam of such a source-collector combination is inherently not very 
homogeneous. Furthermore, because of thermal load, mechanical stresses etc., the mirrors 
may become slightly non-concentric, defocused etc. Often, use is made of a field facet 
mirror, arranged such that the incident beam of radiation is reflected by a number of field 
facets, which are arranged such that two or preferably more of the reflected part beams come 
to overlap at a predetermined distance. Any inhomogeneity in the original beam and thus in 
the part beams will be smeared out because the individual intensities are added. 

[0082] The rod(s) may be any elongate structure, not necessarily straight, but it is often 
and preferably a straight, bar-like structure. By placing the rod(s) between the collector and 
the field facet mirror, and depending on the size, orientation etc. of the rod, the shade of the 
rod(s) is cast on one or more field facets, thus removing a part of the radiation. The exact 
location of the shadow will vary from facet to facet, and upon a number of facets there will be 
no shadow at all. The individual shadows will be added and smeared out, but a net intensity 
correction will be present. 

[0083] The number of rods is not particularly limited, and may be just one, or also two or 
more rods. 

[0084] At least one rod may be rotatable by means of a first rod rotator, around an axis 
which extends substantially parallel to the direction of the beam of radiation and which 
intersects the rod. A rotatable rod offers the advantage that the position of the shadows on the 
facets, and thus the particular shape of the total intensity correction, may be varied. 

[0085] At least one rod may be a cross-sectional profile that varies over a length of the 
rod. A varying cross-sectional profile of a rod offers the possibility that the width of the 
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shadow, and hence the amount of radiation that is taken out of the beam, may be varied by 
moving the rod, e.g., by shifting it in a parallel fashion, or by rotating it. 

[0086] In a particular embodiment of the radiation system according to the invention, at 
least one rod that has a cross-sectional profile that varies over a length of the rod is rotatable 
by means of a second rod rotator, around an axis that extends through the rod parallel to the 
direction of the length. In particular, the cross-sectional profile is not rotationally symmetric, 
such that when a rod is rotated, it presents a different effective cross-sectional area to the 
beam, and will thus remove a different amount of radiation from the beam of radiation. 

[0087] At least one rod may include expansion means designed and constructed for 
locally varying its effective cross-sectional area with respect to the beam of radiation. Such 
expansion means may comprise a movable part, such as one or more rotatable or extendible 
vanes and a motor to drive them. Other possible expansion means are an inflatable bladder or 
a part that, when contracted in a certain direction, expands in at least one perpendicular 
direction. Other expansion means are not excluded, and will occur to the person skilled in the 
art. 

[0088] In a particular embodiment, the radiation system comprises at least two rods that 
enclose an angle between each other. Providing at least two rods, preferably having a 
different diameter, offers the possibility of modifying the intensity in at least two different 
ways. For example, a relatively larger correction is needed over a large part of the beam, 
while in a smaller, more local part of the beam an additional correction is desired. Then, by 
arranging a first rod having a relatively larger diameter in said first direction, and a second 
rod having a relatively smaller diameter in second direction, the resulting intensity profile can 
be made more homogeneous than in the case of just one rod. Other features mentioned in the 
description of the embodiments with at least one rod may be applied for two or more rods, 
e.g. , rotatability of the rods, expansion means provided on or in the rods etc. 

[0089] The optical attenuator device according to the present invention is, in principle, 
not limited to specific applications. However, a preferred field of application is the field of 
lithography, since there the demands with respect to homogeneity of the projection beam are 
rather strict. Often also properties like telecentricity and ellipticity play a role here. The 
optical attenuator device according to the present invention is capable of providing a 
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sufficiently improved homogeneity of a projection beam for a lithographic apparatus. Hence, 
in another aspect of the invention, there is provided a lithographic apparatus comprising: 

[0090] - a beam receptor arranged and constructed for receiving a beam of radiation; 

[0091] - an optical attenuator device according to the invention, which is located in 
the beam of radiation, for providing a homogeneous beam of radiation; 

[0092] - a support structure for supporting patterning device, the patterning device 
serving to impart the homogeneous projection beam with a pattern in its cross-section, thus 
providing a patterned beam; 

[0093] - a substrate table for holding a substrate; and 

[0094] - a projection system for projecting the patterned beam onto a target portion 
of the substrate. 

[0095] Such a lithographic apparatus is able to provide a very homogeneous illumination 
of the substrate. Note that the term "beam receptor" relates to a part of the apparatus where 
an external beam of radiation enters the apparatus. This may relate to a simple aperture for 
receiving, e.g., a laser beam, or a lens etc. In other words, this embodiment relates to 
apparatus without an internal source of radiation, but with much flexibility as to possible 
sources to be used. 

[0096] However, the invention also relates to a lithographic apparatus comprising: 
[0097] - an radiation system according to the invention, for providing a projection 
beam of radiation; 

[0098] - a support structure for supporting patterning device, the patterning device 
serving to impart the projection beam with a pattern in its cross-section, thus providing a 
patterned beam; 

[0099] - a substrate table for holding a substrate; and 

[00100] - a projection system for projecting the patterned beam onto a target portion 
of the substrate. 

[001 01] This embodiment relates to apparatus with built in radiation source, in which the 
radiation system, and in particular the optical attenuator device, may be adapted optimally to 
the source of radiation. 

[00102] The apparatus as mentioned above comprise generally all lithographic apparatus, 
such as steppers. However, in an advantageous lithographic apparatus, the patterning device 
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and substrate table are movable with respect to the beam of radiation in a scanning direction, 
the beam of radiation being incident on the patterning device on an incidence area, wherein 
the at least one optical attenuator element is present in a part of the incidence area. This 
embodiment relates to scanning lithographic apparatus. An advantage in this type of 
apparatus is that the total intensity in one point is an integrated intensity, since the beam 
sweeps as an often relatively narrow bundle over the surface to be illuminated, often the 
patterning device. This offers the possibility of correcting the intensity in only part of the 
beam, such that the total integrated intensity becomes the desired intensity. The correction 
may, e.g., be built up as a total blocking of a part of the beam of radiation in a small part of 
the sweep, while other parts of the sweep are not affected. Since these latter parts will 
contribute to the total illumination, there will not be a dark spot. In the case of a stepper, 
where the whole illumination takes place in one "flash," without any sweeping of the beam, a 
local correction by totally blocking radiation would cause such dark spots, which is 
undesirable. 

[00103] The above principle holds for (scanning) lithographic apparatus without an 
internal source of radiation, but also with an internal, i.e., built in, source of radiation. 

[001 04] In a further aspect the invention provides a device manufacturing method 
comprising: 

[00105] - providing a substrate; 

[00106] - providing a projection beam of radiation using a radiation system according 
to the invention; 

[00107] - using a patterning device to impart the projection beam with a pattern in its 
cross-section; and 

[00108] - projecting the patterned beam of radiation onto a target portion of the 
substrate. 

[001 09] By using an radiation system, or a lithographic apparatus, according to the present 
invention, a very homogeneous illumination of the substrate can be ensured, which results in 
a very high quality of the features imparted to the substrate. With such an illumination it is 
possible to provide very homogenous interaction of the radiation and the illuminated object, 
such as a substrate. This may allow smaller features to be projected onto the target portion of 
the substrate than was possible up to now. Additionally, such illumination improves the 
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homogeneity of features created on a substrate, both as to, e.g., line width of a single feature 
over its length, but also as to uniformity of features such as line widths etc. over all of the 
illuminated surface. This is sometimes referred to as "Critical Dimensions" uniformity, or 
CD-uniformity. 

[001 10] The invention has been described in the above. Below, background information 
is given which will help the person in the art to better understand the present invention. Said 
information is however not to be understood as limiting the invention. 

[00111] A lithographic apparatus is a machine that applies a desired pattern onto a target 
portion of a substrate. Lithographic apparatus can be used, for example, in the manufacture 
of integrated circuits (ICs). In that circumstance, a patterning device, such as a mask, may be 
used to generate a circuit pattern corresponding to an individual layer of the IC, and this 
pattern can be imaged onto a target portion (e.g., comprising part of, one or several dies) on a 
substrate (e.g., a silicon wafer) that has a layer of radiation-sensitive material (resist). In 
general, a single substrate will contain a network of adjacent target portions that are 
successively exposed. Known lithographic apparatus include so-called steppers, in which 
each target portion is irradiated by exposing an entire pattern onto the target portion in one 
go, and so-called scanners, in which each target portion is irradiated by scanning the pattern 
through the projection beam in a given direction (the "scanning"-direction) while 
synchronously scanning the substrate parallel or anti-parallel to this direction. 

[00112] Although specific reference may be made in this text to the use of lithographic 
apparatus in the manufacture of ICs, it should be understood that the lithographic apparatus 
described herein may have other applications, such as the manufacture of integrated optical 
systems, guidance and detection patterns for magnetic domain memories, liquid-crystal 
displays (LCDs), thin-film magnetic heads, etc. The skilled artisan will appreciate that, in the 
context of such alternative applications, any use of the terms "wafer" or "die" herein may be 
considered as synonymous with the more general terms "substrate" or "target portion," 
respectively. Further, the substrate referred to herein may be processed, before or after 
exposure, in for example a track (a tool that typically applies a resist to a substrate and 
develops the exposed resist) or a metrology or inspection tool. Where applicable, the 
disclosure herein may be applied to such and other substrate processing tools. 
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[001 13] The terms "radiation" and "beam" used herein encompass all types of 
electromagnetic radiation, including ultraviolet (UV) radiation (e.g., having a wavelength of 
365, 248, 193, 157 or 126 nm) and extreme ultra-violet (EUV) radiation (e.g., having a 
wavelength in the range of 5-20 nm), as well as particle beams, such as ion beams or electron 
beams. 

[001 14] The term "patterning device" used herein should be broadly interpreted as 
referring to structures that can be used to impart a projection beam with a pattern in its cross- 
section such as to create a pattern in a target portion of the substrate. It should be noted that 
the pattern imparted to the projection beam may not exactly correspond to the desired pattern 
in the target portion of the substrate. Generally, the pattern imparted to the projection beam 
will correspond to a particular functional layer in a device being created in the target portion, 
such as an integrated circuit. 

[001 15] Patterning devices may be transmissive or reflective. Examples of patterning 
devices include masks, programmable mirror arrays, and programmable LCD panels. Masks 
are well known in lithography, and include mask types such as binary, alternating phase-shift, 
and attenuated phase-shift, as well as various hybrid mask types. An example of a 
programmable mirror array employs a matrix arrangement of small mirrors, each of which 
can be individually tilted so as to reflect an incoming radiation beam in different directions; 
in this manner, the reflected beam is patterned. In each example of patterning device, the 
support structure may be a frame or table, for example, which may be fixed or movable as 
required and which may ensure that the patterning device is at a desired position, for example 
with respect to the projection system. Any use of the terms "reticle" or "mask" herein may be 
considered synonymous with the more general term "patterning device." 

[001 16] The term "projection system" used herein should be broadly interpreted as 
encompassing various types of projection system, including refractive optical systems, 
reflective optical systems, and catadioptric optical systems, as appropriate for example for the 
exposure radiation being used, or for other factors such as the use of an immersion medium or 
the use of a vacuum. Any use of the term "lens" herein may be considered as synonymous 
with the more general term "projection system." 

[001 17] The optical attenuator device may also encompass various types of optical 
components, including refractive, reflective, and catadioptric optical components for 
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directing, shaping, or controlling the projection beam of radiation, and such components may 
also be referred to below, collectively or singularly, as a "lens." 

[001 18] The lithographic apparatus may be of a type having two (dual stage) or more 
substrate tables (and/or two or more mask tables). In such "multiple stage" machines the 
additional tables may be used in parallel, or preparatory steps may be carried out on one or 
more tables while one or more other tables are being used for exposure. 

[001 19] The lithographic apparatus may also be of a type wherein the substrate is 
immersed in a liquid having a relatively high refractive index, e.g., water, so as to fill a space 
between the final element of the projection system and the substrate. Immersion liquids may 
also be applied to other spaces in the lithographic apparatus, for example, between the mask 
and the first element of the projection system. Immersion techniques are well known in the 
art for increasing the numerical aperture of projection systems. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[001 20] Embodiments of the invention will now be described, by way of example only, 
with reference to the accompanying diagrammatical drawings in which corresponding 
reference symbols indicate corresponding parts, and in which: 

[00121] Figures la and b diagrammatically depict a lithographic apparatus according to an 
embodiment of the invention, with reflective optics and transmissive optics, respectively; 

[001 22] Figure 2 diagrammatically depicts a first embodiment of an optical attenuator 
element for an optical attenuator device according to the invention; 

[00123] Fig. 3a and b illustrate a means of actuating the optical attenuator element of 
Figure 2; 

[001 24] Figure 4a and 4b diagrammatically depict an optical attenuator device according 
to a second embodiment of the invention; 

[001 25] Figures 5a and 5b diagrammatically show two modified second embodiments of 
the optical attenuator device according to the invention; 

[00126] Figure 6 shows three width/thickness profiles of a ribbon for use in the second 
embodiment of the optical attenuator device according to the invention; 

[00127] Figure 7 shows a side view of a third embodiment of an optical attenuator device 
according to the present invention; 
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[00128] Figure 8 shows a front view of the embodiment according to Figure 7; 

[00129] Figure 9 is a cross-sectional view of a rod for the third embodiment of Figure 8; 

[00130] Figure 10 provides a perspective view of an alternative rod of the third 
embodiment of Figure 8; 

[00131] Figure 1 1 diagrammatically illustrates a fourth embodiment of the illumination 
system according to the invention; 

[00132] Figure 12 illustrates an alternative embodiment of a detail of Figure 11; 

[00133] Figure 13 diagrammatically illustrates an optical attenuator element according to 
a fifth embodiment of the illumination system according to the invention; 

[00134] Figure 14 illustrates diagrammatically a sixth embodiment of the illumination 
system according to the invention; 

[001 35] Figure 15 shows an optical attenuator element of a seventh embodiment of the 
illumination system according to the invention; 

[00136] Figure 16 diagrammatically shows a plan view of an optical attenuator element of 
an eighth embodiment of the illumination system according to the invention; 

[00137] Figure 17 shows a combined transmission profile of the optical attenuator element 
of Figure 16; 

[00138] Figure 18 shows a perspective view of an optical attenuator element according to 
a ninth embodiment of the illumination system according to the invention; 

[00139] Figure 19a-c show a diagrammatical overview of the working of the embodiment 
according to Fig. 7; and 

[00140] Fig. 20a-c show three alternative embodiments to Fig. 12. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 
[00141] A general remark to be made here is that where a figure is said to depict an optical 
attenuator device or an illumination system, the drawing is sometimes limited to an optical 
attenuator element to be used in the optical attenuator device or illumination system 
according to the invention. It is however to be understood that the optical attenuator device 
or illumination system is then to be complemented with parts such as a source of radiation 
and beam shaping means. 
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[00142] Figures la and b diagrammatically depict a lithographic apparatus according to an 
embodiment of the invention, with reflective optics and transmissive optics, respectively. 

[00143] Figure la diagrammatically depicts a lithographic apparatus according to a 
particular embodiment of the invention. The apparatus comprises: 

[00144]- a source of radiation 1 and an illumination system (illuminator) 2 with an 
optical attenuator element 3, for providing a projection beam 4 of radiation (e.g., UV or EUV 
radiation). 

[00145] - a first support structure (e.g., a mask table) 7 for supporting patterning 
device (e.g. , a mask) 5 and connected to first positioning means 8 for accurately positioning 
the patterning device with respect to item 10; 

[00146] - a substrate table (e.g., a wafer table) 12 for holding a substrate (e.g., a 
resist-coated wafer) 1 1 and connected to second positioning means 13 for accurately 
positioning the substrate with respect to item 10; and 

[00147]- a projection system (e.g., a reflective projection lens) 10 for imaging a 
pattern imparted to the projection beam 4 by patterning device 5 onto a target portion (e.g., 
comprising one or more dies) of the substrate 1 1 . 

[00148] As here depicted, the apparatus is of a reflective type (e.g., employing a reflective 
mask or a programmable mirror array of a type as referred to above). Alternatively, the 
apparatus may be of a transmissive type (e.g., employing a transmissive mask), see Figure lb. 

[00149] The illuminator 2 receives a beam of radiation from a radiation source 1 . The 
source and the lithographic apparatus may be separate entities, for example when the source 
is a plasma discharge source. In such cases, the source is not considered to form part of the 
lithographic apparatus and the radiation beam is generally passed from the source 1 to the 
illuminator 2 with the aid of a radiation collector comprising for example suitable collecting 
mirrors and/or a spectral purity filter. In other cases the source may be integral part of the 
apparatus, for example when the source is a mercury lamp. The source 1 and the illuminator 
2, may be referred to as a radiation system. 

[00150] The illuminator 2 may comprise adjustable optical elements for adjusting the 
angular intensity distribution of the beam. Generally, at least the outer and/or inner radial 
extent (commonly referred to as a-outer and a-inner, respectively) of the intensity 
distribution in a pupil plane of the illuminator can be adjusted. The illuminator provides a 
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conditioned beam of radiation, referred to as the projection beam 4, having a certain 

uniformity and intensity distribution in its cross-section, which may be modified and 

improved by means of optical attenuator element 3. Note that the optical attenuator element 3 

may be integrated in the illumination system 2, but also be a separate part, e.g., to be 

incorporated into existing illumination systems. It is only for clarity that it is shown as a 

separate part in Figure la and lb. 

[00151] The projection beam 4 is incident on the mask 5, which is held on the mask 

table 7. Being reflected by the mask 5, the projection beam 4 becomes a patterned projection 

beam 6 and passes through the lens 10, which focuses the beam onto a target portion of the 

substrate 11. With the aid of the second positioning means 13 and position sensor 14 (e.g., an 

interferometric device), the substrate table 12 can be moved accurately, e.g., so as to position 

different target portions in the path of the beam 4. Similarly, the first positioning means 8 

and position sensor 9 can be used to accurately position the mask 5 with respect to the path of 

the beam 4, e.g., after mechanical retrieval from a mask library, or during a scan. In general, 

movement of the object tables 7 and 12 will be realized with the aid of a long-stroke module 

(coarse positioning) and a short-stroke module (fine positioning), which form part of the 

positioning means 8 and 13. However, in the case of a stepper (as opposed to a scanner) the 

mask table 7 may be connected to a short stroke actuator only, or may be fixed. Mask 5 and 

substrate 1 1 may be aligned using mask alignment marks and substrate alignment marks. 

[00152] The depicted apparatus can be used in the following preferred modes: 

[00153] 1 . In step mode, the mask table 7 and the substrate table 12 are kept 

essentially stationary, while an entire pattern imparted to the projection beam is projected 

onto a target portion in one go (i.e., a single static exposure). The substrate table 12 is then 

shifted in the X and/or Y direction so that a different target portion can be exposed. In step 

mode, the maximum size of the exposure field limits the size of the target portion imaged in a 

single static exposure. 

[00154] 2. In scan mode, the mask table 7 and the substrate table 12 are scanned 
synchronously while a pattern imparted to the projection beam is projected onto a target 
portion (i.e., a single dynamic exposure). The velocity and direction of the substrate table 12 
relative to the mask table 7 is determined by the (de-)magnification and image reversal 
characteristics of the projection system 10. In scan mode, the maximum size of the exposure 
field limits the width (in the non-scanning direction) of the target portion in a single dynamic 
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exposure, whereas the length of the scanning motion determines the height (in the scanning 
direction) of the target portion. 

[00155] 3. In another mode, the mask table 7 is kept essentially stationary holding 
a programmable patterning device, and the substrate table 12 is moved or scanned while a 
pattern imparted to the projection beam is projected onto a target portion. In this mode, 
generally a pulsed radiation source is employed and the programmable patterning device is 
updated as required after each movement of the substrate table 12 or in between successive 
radiation pulses during a scan. This mode of operation can be readily applied to maskless 
lithography that utilizes programmable patterning device, such as a programmable mirror 
array of a type as referred to above. 

[00156] Combinations and/or variations on the above described modes of use or entirely 
different modes of use may also be employed. 

[00157] In Figure lb, as in the rest of the application, similar parts are denoted by similar 
reference numerals. 

[00158] In particular, as here depicted, the apparatus is of a transmissive type (e.g., 
employing a transmissive mask). 

[00159] The illuminator 2 receives a beam of radiation from a radiation source 1. The 
source and the lithographic apparatus may be separate entities, for example when the source 
is an excimer laser. In such cases, the source is not considered to form part of the 
lithographic apparatus and the radiation beam is passed from the source 1 to the illuminator 2 
with the aid of a beam delivery system 15 comprising for example suitable directing mirrors 
and/or a beam expander. In other cases the source may be integral part of the apparatus, for 
example when the source is a mercury lamp. The source 1 and the illuminator 2, together 
with the beam delivery system 15 if required, may be referred to as a radiation system. 

[00160] The illuminator 2 may comprise adjustable optical elements 16 for adjusting the 
angular intensity distribution of the beam. Generally, at least the outer and/or inner radial 
extent (commonly referred to as a-outer and a-inner, respectively) of the intensity 
distribution in a pupil plane of the illuminator can be adjusted. In addition, the illuminator 2 
generally comprises various other components, such as an integrator 17 and a condenser 18. 
The illuminator provides a conditioned beam of radiation, referred to as the projection beam 
4, having a desired uniformity and intensity distribution in its cross-section. 
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[001 61] Figures la and lb are general figures, only serving to indicate some of the 
possible applications of the illumination system according to the invention. Note that it is 
possible to accommodate optical attenuator elements 3 at different position, e.g., after the 
patterning device 5, i.e., in the patterned beam 6. In that case it has to be taken into account 
that every influence on the intensity distribution of the patterned beam will have a 
corresponding influence on the pattern in the patterned beam, but it is not excluded. 

[00162] Figure 2 diagrammatically depicts a first embodiment of an optical attenuator 
element for an illumination system according to the invention. Herein, 20 denotes a number 
of optical attenuator elements, each consisting of two sheets 21 and 22, connected to each 
other at common edge 23. Each optical attenuator element is suspended by means of two 
wires 24a and 24b. 

[001 63] The optical attenuator elements 20 are arranged in a beam of radiation 25, which 
travels along the direction indicated by the arrows. 

[00164] The optical attenuator elements are constructed such as to be movable around an 
axis that coincides with the common edge 23. The means for bringing about this movement 
will be discussed in connection with Figures 3a and 3b. The means of suspension may also 
be rigid shafts, and so on. It is preferred to use a suspension that presents only a small cross- 
sectional area to the beam 25, in order not to influence the intensity distribution. In another 
embodiment, the suspension means extend in the direction of the beam 25. This may be 
achieved by means of wires, axes etc. between the two sheets 21 and 22, which in turn may 
be connected to a motor (not shown) etc. for driving the sheets 21 and 22. This arrangement 
need not pose problems for the intensity distribution if it is ensured that those motor means 
and other parts with a possibly large cross-sectional area are located sufficiently far out-of- 
focus. Herein, it is assumed that the elements 20 are located substantially in a local focal 
point of the beam, or at least nearer to that focal point than are the motor means. 

[00165] The optical attenuator elements 20 are shown arranged parallel to the beam 25. 
This offers the advantage that, in case no correction of the intensity is required, the sheets 21 
and 22 of the elements 20 are simply arranged parallel to the beam. It is also possible to 
arrange the elements 20 in another fashion, e.g., under an angle with the beam, which angle 
may be different for every element 20. This may be useful if there is a certain offset or 
standard correction required, to which standard correction changes may be added by moving 
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the elements around an axis, or by otherwise deforming the elements 20 such that the 
effective cross-section they present to the beam 25 is changed. 

[00166] The elements 20 are shown in substantially V-shaped arrangement. Any other 
useful arrangement is allowed as well, wherein an arrangement in which all elements 20 are 
present in a central part of the beam 25 is advantageous. In particular, a linear arrangement, 
in which all elements are aligned along, e.g., a central line of the beam 25, is useful in many 
cases. In other cases, the beam itself is not rectangular, such as is the case in many EUV 
lithographic systems. In those cases it is advantageous to arrange the elements such that they 
are located in a central line, or more precisely a central curve, of the beam. 

[001 67] Fig. 3a and b illustrate a method of actuating the optical attenuator element of 
Figure 2. Optical attenuator element 20 comprises two sheets 21 and 22, connected at 
common edge 23. The element 20 is suspended from two electrical wires 24a and 24b. A 
beam of radiation 25 is present. An electrical source is denoted by 26. 

[00168] The sheets 21 and 22 of the element 20 are made of a flexible material that 
comprises an electrically conductive material. The sheets can be made from, e.g., metal foil, 
or of a plastic material coated with electrically conductive foil or paint etc. The coating may 
be present on part of the surface of the sheets, and on one or both sides of the sheets. 

[00169] Electrical source 26 is capable of supplying an electrical charge, and often 
comprises either a current source or a voltage source. Advantageously, the electrical source 
26 is adjustable, such that an adjustable charge may be supplied to the sheets 21 and 22 
through electrical wires 24a and/or 24b. Note that it should be possible for charge to be 
drained from the sheets by means of the same or additional wires. 

[001 70] In Figure 3a, the electrical source 26 is set such that no electrical charge is present 
on sheets 21 and 22. This may be brought about by opening a switch (not shown) and 
draining any possibly present charge, or by simply setting the source 26 to a low or zero 
value. Without any charge being present on the sheets 21 and 22, there will be no mutually 
repulsive force and both sheets will be adjacent each other, presenting the least cross- 
sectional area to the beam 25, as indicated by the arrows. 

[00171] In Figure 3b, the source is set to some non-zero, higher value, with the result that 
a non-zero charge is present on the sheets 21 and 22. This charge will cause the sheets 21 and 
22 to repel each other, which results in either a bending or other deformation of the sheets or 
in a rotation of the sheets around the common side 23. In any case, the cross-sectional area of 
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the element 20 presented to the beam 25 has now increased, and the element will absorb or 
scatter more radiation. By selectively adjusting the charge by means of source 26, it is 
possible to vary the amount of radiation that is removed from the beam 25. 

[001 72] Figures 4a and 4b diagrammatically show a cross-sectional side view, and a front 
view, respectively, of an illumination system according to a second embodiment of the 
invention. 

[001 73] Herein, 28 denotes an illumination lens, providing a projection beam 4, which 
hits a substrate 5. A ribbon is denoted by 30, and 31 and 32 denote two reels. 

[001 74] The ribbon 30 is provided in the projection beam 4 and will take away a part of 
the radiation from beam 4, depending on the relative dimensions of the ribbon with respect to 
the beam dimensions. Since in most cases the dimensions of the beam 4 are fixed, it is 
possible for the ribbon to have different sections, each having a different dimension, viz. 
width. More generally, the ribbon has a plurality of sections having a different width profile, 
since the width need not be a constant over the length of the ribbon. 

[00175] The different sections of the ribbon may be selected and placed in the beam by 
means of two reels 31 and 32, onto which the ribbon 30 is wound. A reel drive (not shown) 
may then be used to rotate the reels such that the desired section of the ribbon is located in the 
beam. Any kind of reel drive known in the art may be used, but often a motor which is 
coupled to an axis of the reel(s) will be used. 

[00176] The position of the ribbon as a whole with respect to the beam may also be 
adjustable. Thereto, second reel drive means may be employed, for shifting the position of 
one reel or both reels with respect to the beam, in a direction perpendicular to the ribbon 30. 
If both reels are displaced, this may be done over equal distances, such that the ribbon is 
displaced parallel to itself. In case both reels are displaced over different distances, or in 
opposite directions, or if only one reel is displaced, then the orientation of the ribbon may 
also be changed. In the case of static illumination, this offers the possibility to attenuate a 
different part of the beam. 

[00177] The position to arrange the ribbon may be selected from a large variety of 
possible places. This relates to the small dimensions which are possible with a ribbon: in 
principle it is the thickness of the ribbon which determines the space requirements. If there is 
not much space next to the beam, it is possible to let the ribbon span a larger distance than 
just the dimensions of the beam, and locate the reels at a larger distance, at a location where 
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there is enough space for the reels. In for example a lithographic apparatus it is possible to 
locate the ribbon not right below the illumination lens 28 as shown in the Figures 4a,b, but 
also, e.g., close to any other field plane. 

[001 78] The thickness of the ribbon may be selected in dependence of the mechanical 
properties of the material of the ribbon. E.g., if a suitable plastic, coated or not, or metal is 
selected for the ribbon material, a thickness of between 0.02 and 1 mm is suitable. The width 
of the ribbon depends on the width of the beam 4 and the amount of radiation to be blocked. 
For example if maximum 10% is to be blocked, and the width of the beam 4 is 10 mm, then 
the maximum width of the ribbon 30 should be 1 mm. The length of the ribbon 30 depends 
on the number of desired width profiles, and will be at least as long as the dimension of the 
beam 30 in the direction in which the ribbon extends. For example, if the beam has cross- 
sectional dimensions 30 x 10 mm, the ribbon extends in the longest dimension, and it is 
desired to have 10 different ribbon profiles, then the ribbon should be at least 300 mm long. 

[00179] The way to block radiation may be by blocking the radiation by way of the 
material of the ribbon itself, or by way of a coating present on the ribbon. The first possibility 
is simplest, and allows the use of all-metal ribbons which are able to withstand shorter 
wavelength radiation than can transparent plastic ribbons with an absorbent coating. 
However, transparent plastic ribbons with a coating, e.g., a metal coating or paint, or with 
locally applied absorbers in the material of the ribbon, offer the advantage that it is possible to 
have a section of the ribbon which is completely transmissive. This is useful in cases where 
no correction is needed. 

[00180] In the above cases, the orientation of the ribbon is in a plane substantially 
perpendicular to the beam. It is however also possible to orient the ribbon in a plane parallel 
to the beam and parallel to a central line of the beam. In Figure 4b this would be the plane of 
the paper. Of course the position of the reels would then be adapted accordingly. In this case 
it is not the width of the ribbon but the thickness which determines the amount of blocked 
radiation. In cases where only a relatively small amount of radiation needs to be blocked this 
possibility allows very good control over the amount, and also offers the possibility of a 
relatively rigid and rugged construction of the ribbon, since the strength and other mechanical 
properties thereof are positively influenced by the width of the ribbon, which may be freely 
selected without influencing the absorption properties of the ribbon. 
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[00181] Alternatively, e.g., in cases where there are very stringent space requirements, it is 
possible to use a wire instead of a ribbon 30. Herein, the thickness of the wire determines the 
amount of absorbed radiation. The wire may be wound on a reel or spool. 

[00182] Figures 5a and 5b diagrammatically show two modified second embodiments of 
the illumination system according to the invention. 

[00183] In Figure 5a, 30 again denotes a ribbon which is wound on two reels 31 and 32. 
An integrator rod is denoted by 33. This Figure 5a shows an alternative location for the 
ribbon 30, in case of a transmissive illumination system. Note that still other positions are 
possible, for example in front of a mirror in a reflective optical system in, e.g., an EUV 
lithographic apparatus. 

[00184] Figure 5b shows a double ribbon system, wherein 34 denotes a second ribbon, 
wound on two reels 35 and 36. 

[00185] The presence of two ribbons allows more different corrections with a smaller 
amount (length) of ribbon, since it is the combination of the two corrections which 
determines the total correction. This may be obtained by using one of the two ribbons for 
correction of tilt in the beam intensity of the illumination system, which is indicated by beam 
30 which shows a linearly increasing width (or thickness). The other ribbon 34 may be used 
to correct random variations, as shown by an irregular width/thickness of ribbon 34. 

[00186] The two ribbons 30 and 34 may be arranged such that both extend in a central part 
of the beam of radiation, and preferably in a side by side fashion. 

[00187] Figure 6 shows three width/thickness profiles of a ribbon for use in the second 
embodiment of the illumination system according to the invention. 

[00188] The rightmost profile indicates a linearly increasing dimension, which may be 
used to correct, e.g., tilt in a beam. The other two profiles are irregular, and may be used for 
correction of random variations in the intensity profile of the beam. 

[00189] Figure 7 shows a side view of a third embodiment of an illumination system 
according to the present invention. Fig. 19a-c is a diagrammatical front view, showing how 
this embodiment works. 

[001 90] Herein, 40 denotes a source of radiation, 41 is a collector comprising a number of 
concentric reflectors 42. An optical attenuator element is denoted by 43. 

[00191] A field facets mirror is denoted by 44, and has in this case four facets 44a through 
44d, which cast four part beams onto a surface 45. 
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[00192] In Figure 7, a possible position for an optical attenuator element in an 
illumination system according to the invention is shown. This particular radiation system 
may be employed in EUV lithographic systems, comprising a source 40 of EUV radiation, 
having a wavelength of, e.g., about 13.5 nm. For this wavelength there exists no known 
material having a sufficient transmission for creating transmissive optics. Any required lens 
action is then obtained by means of an arrangement as diagrammatically shown, namely one 
in which a collector 41 is used which comprises a number of concentric mirrors 42. The 
mirrors 42 have such a shape that they are capable of reflecting the rays of beam 4 such that 
they converge. Note that it is possible to provide a lens action in only one direction, or 
different lens actions in two directions, e.g., to obtain a more or less narrow beam of 
radiation. 

[00193] The beam 4 is incident on a field facets mirror 44, which has four field facets. In 
practice this number will be (much) higher. Every facet will reflect a part beam. A number 
of these part beams, not necessarily all, are made to overlap at a certain distance of the field 
facets mirror 44, e.g., at the position of a surface 45, which may be a patterning device, or 
another mirror, etc. 

[00194] Optical attenuator element 43, of any appropriate embodiment according to the 
present invention, is located near an exit end of the collector 41 . This allows a precise control 
over position and blocking action of the attenuator element 43, and has the further advantage 
that the radiation intensity is relatively low. Hence the radiation load on attenuator element 
43 is relatively low, and its degrading effect on the material of the attenuator element through 
heating etc. is well controllable. 

[00195] For the effect of the optical attenuator element, we now turn to Fig. 19a-c, 
showing a front view of this embodiment. Fig. 19a shows an intensity distribution as it exits 
the collector 41 after the rods 43, Fig. 19b shows a frontal view of a field facets mirror, while 
Fig. 19c shows the intensity distribution on the field facets mirror. 

[00196] In Fig. 19a, the shadow of a suspension system for the concentric mirrors 42 may 
be discerned, as well as concentric lighter and darker regions, reflecting the shape and set-up 
of the collector. Furthermore, the shadow of two rods 43a and 43b is shown. 

[00197] Fig. 19b shows a field facets mirror 44, consisting of a large number of facets 
44a, e.g., having the aspect ratio of a desired beam of radiation. Note that the horizontal axis 
is not covered by facets, because there would only be shadow from the collector mirror 
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suspension. A number of field facets is directed such that the part beams reflected from those 
facets come to overlap, e.g., at the level of the patterning device. 

[001 98] Fig. 19c shows the actual intensity distribution of the beam 4, having passed the 
rods 43, onto the filed facets mirror 44. 

[00199] The shadow of the rods 43 is cast on a number of facets only. One half of the 
number is indicated by 44a through f. Note that the shadow is cast only in the rightmost part 
of each facet. On the left side of the mirror, this corresponds to the leftmost part. In all, 
when all facets are made to overlap, the net result will be that only in the outermost parts of 
the resulting beam of radiation there will be a shadow. In other words, in the outermost parts 
of the beam a part of the radiation will have been removed. By appropriately arranging of the 
rods 43, a desired part of the radiation may thus be removed from the beam, be it in the center 
or in other parts thereof. 

[00200] Figure 8 shows a front view of the embodiment according to Figure 7. Herein, 41 
again denotes a collector having a number of concentric reflectors 42. A non-limiting number 
of three optical attenuator element rods are denoted 46, 47 and 48. A local expansion means 
is denoted by 49. The rods are rotatable around an axis 50. 

[00201] The rods 46-48 block part of the radiation passing through the collector 41, in this 
case for example out of the plane of the paper. The dimensions of the rods, in particular the 
cross-sectional area they present to the beam of radiation, and the orientation with respect to 
the beam may be selected according to the desired influence on the intensity distribution. The 
cross-sectional dimensions of the rods need not be equal, and need not be a constant over 
their length. E.g. , the rods may be thinner near the center of the beam than near an edge. 

[00202] The orientation may for example be modified by rotating one or more rods round 
an axis 50, as indicated by the arrows, and by means of rod rotating means (not shown). It 
may also be possible to shift a rod out of the center of the beam if desired. 

[00203] One or more rods may be provided with one or more expanding sections 49, of 
which only one is shown for clarity. Such expanding sections may locally vary the cross- 
sectional area (or thickness, or width) of the rod, in order to increase the amount of radiation 
blocked. The expanding sections may comprise any known mechanism for increasing said 
dimension, such as an inflatable part, a part that may be extended or folded out, a part that 
may expand under compression or contraction of the rod along its longitudinal axis etc. By 
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controlling individual expanding sections distributed over one or more rods, it is possible to 
modify the intensity distribution of the beam of radiation in a finely controlled fashion. 

[00204] Although three rods are shown, any number, such as one or two, or large numbers 
such as 10, may give satisfactory results. Some rods may extend in parallel, while others are 
arranged radially and passing through an axis 50. 

[00205] Figure 9 is a cross-sectional view of a rod for the third embodiment of Figure 8. 

[00206] A rod 51 is rotatable round a longitudinal axis 52, as indicated by an arrow B. A 
beam of radiation 4 travels in the plane of the paper. 

[00207] As shown, the rod 51 presents the smallest cross-sectional area to the beam 4, 
e.g., in the case when the intensity distribution needs little or no correction in the direction of 
the rod 5 1 . When more radiation should be blocked, it is possible to rotate rod 5 1 round axis 
52 by means of any suitable rotating actuator, such that it presents a different cross-sectional 
area. E.g., by rotating over 90°, the cross-sectional area may be made largest. Note that a 
combination of the rotation round a longitudinal axis 52 may be combined with a rotation 
round a perpendicular axis, as described in connection with Figure 8, in order to give an even 
better control over homogeneity of the beam. 

[00208] Figure 10 provides a perspective view of an alternative rod of the third 
embodiment of Figure 8 . 

[00209] A rod 53 is rotatable round an axis 52, has an end face 54 and has ventral sections 
56 and nodes 55. A beam 4 of radiation travels in the plane of the paper along the arrows 
shown. 

[00210] The rod 53 shows another possibility of flexibly influencing the intensity 
distribution. As shown the rod presents a cross-sectional profile to the beam 4 that shows 
local variations along the length of the rod. Although indicated as regularly alternating, the 
ventral sections 56 and nodes 55 may be distributed irregularly along the rod 53. 

[00211] As can be seen from the end face 54, which is an indication for the cross-section 
of the rod 53, the dimensions of the rod as observed from a perpendicular direction to the 
beam 4, which may be presented by rotating rod 53 over 90° around axis 52, may be totally 
different. In principle, this corresponds to the situation described with respect to Figure 9. 
Additionally, however, it is possible to have the rod 53 shaped such that the nodes and ventral 
sections are located at different positions when compared to the perpendicular direction. This 
offers even more possibilities to influence the homogeneity of the beam 4. 
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[00212] Figure 1 1 diagrammatically illustrates a fourth embodiment of the illumination 
system according to the invention. 

[00213] In Figure 1 1, 60 denotes an optical attenuator element comprising a plurality of 
movable strips 61, which are coupled to strip drive means 62, and 63 denote strip drive 
control means. 

[00214] A cross-section of the beam of radiation at an out-of-focus position is indicated at 
64, with exemplary radiation cones 65 and 66. These correspond to spots 68 and 69, 
respectively, in a field plane 67 of the beam. 

[00215] In a scanning type of lithographic apparatus, in which the beam will scan across 
the surface to be illuminated, it makes a difference whether radiation in the edge of the beam 
is blocked, or whether radiation only in the central part of the beam is blocked. Herein, 
"edge" means that part of the beam in which the cones are not complete because a part would 
have to be contributed but cannot be contributed by cones from points outside the filed or 
focal plane 67. The edge has zero width in the actual field plane, and an increasing width 
with increasing distance from the field plane 67. 

[00216] "Central part" means that part of the beam in which the cones are surrounded on 
all sides by other cones of full and complete intensity distribution. If an optical attenuator 
element extends into the beam only in a part of the edge, then a shift in position into the beam 
will change the contribution from certain directions more than for other directions. 
Contrarily, when the optical attenuator element extends only into the central part of the beam, 
a shift will change the contributions of all directions in equal amounts. 

[00217] In the extreme case: when an optical attenuator element is just moved into the 
extreme edge of the beam, only rays in^a small part of the cones of just the extreme edge are 
blocked, whence only their contribution is deleted. Moving the optical attenuator element a 
little further into the beam will increase the blocked part of those cones, while deleting a 
small part of the neighboring cones. Up to the situation in which the optical attenuator 
element is moved into the edge of the beam over a distance of the width of a cone, the 
contribution of rays in the corresponding half of the cones in the edge is decreased, and it 
changes up to that moment. After that, i.e., in the central part, any shift takes away equal 
amounts of any direction. 

[0021 8] This change in the relative contribution of the various directions may be corrected 
by moving a similar optical attenuator element into the beam from the opposite side of the 
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beam, in order to obtain a mirrored influence. Note that, although now two parts of the beam, 
nl. two edges, have incompletely, asymmetrically filled cones of radiation, the total radiation 
that contributes after integration in the scanning direction shows symmetry. 

[00219] An even more preferable way of blocking radiation would be to remove only 
radiation from the central part of the beam, since then just all rays passing through the 
blocked points are removed from the beam, and in principle all those rays are the equivalent 
of one or more completely filled cones. Note that in the edge, these equivalent cones would 
not be completely filled, because at least some rays would be missing, viz. those coming from 
points that lie outside the field 64. 

[00220] Note that as mentioned above it is possible, and even preferred, to combine two 
of such sets of strips, one set on each side of a beam of radiation. This offers the advantage 
that the beam is adjusted in a symmetrical fashion, which prevents telecentricity and 
ellipticity problems even better. 

[00221] Figures 12a and b illustrate alternative embodiments of a detail of Figure 1 1 . 

[00222] Herein, 80 denotes a first strip, comprising a first part 81 and a second part 82, 
divided at a line 83. A second strip 84 is located adjacent strip 80, and overlapping at a step- 
like part 85. 

[00223] The strip 80 comprises a first part 81 having a transmission of, e.g., 90%, while 
the second part 82 may have a transmission of substantially 100%. More generally, it is 
advantageous to have one part having a very high and substantially 100% transmission, which 
will not block any significant amount of radiation, whereas the other part may have a 
significantly lower transmission, of any value between say 50% and 95%. This other part will 
actively serve to block radiation. A relatively high transmission allows that the area of the 
strip necessary for sufficiently reducing the intensity is large, especially when compared to 
non-transmissive strips, such as metal strips. This in turn ensures that the length of the strip 
which is located in the beam is large enough not to cause any symmetry problems in the 
distribution, since any effects of locally blocking radiation are smeared out over a relatively 
large area. Furthermore, it may be advantageous if the strips are wide enough to cover all 
rays of the beam that go to one and the same spot on a field plane. The width depends on 
numerical aperture of the illumination system, on the amount of defocusing, etc. All this 
allows the use of only one set of strips on one side of the beam, without causing ellipticity or 
telecentricity problems. 
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[00224] Since in many practical systems the width of the strips as preferred for the above 
reasons is rather large when compared to the dimensions of the beam, only a limited number 
of strips may be used, such as 12, again depending on the actual dimensions of the beam etc. 
To increase the number of possible corrections, it is advantageous to use two sets of strips, 
which are located opposite with respect to the beam, especially such that the strips in one set 
are positioned staggered with respect to the strips in the other set. This allows a correction by 
the strips of the one set intermediate positions of the strips of the second set. 

[00225] The step-like part 85 is provided in order to prevent leakage of radiation through 
slits between adjacent strips. Since the step-like parts 85 of neighbouring slits are designed to 
overlap, no radiation will escape and influence the intensity. Of course, other ways of 
preventing radiation leakage are also possible, such as interpenetrating grooves etc. 

[00226] Figure 13 diagrammatically illustrates an optical attenuator element according to 
a fifth embodiment of the illumination system according to the invention; 

[00227] The optical attenuator element comprises a first mirror 90 and a composite second 
mirror 91 , which comprises a number of partial mirrors 92, 93, 94. Between the second part 
mirrors and the first mirror is a slit 95. 

[00228] Partial mirrors 92, etc., may be moved with respect to the first mirror 90 by mirror 
actuators (not shown) in a direction perpendicular to the slit 95 present between the first 
mirror and the second mirror, as indicated by the arrows. This slit may have a width which 
varies from one second part mirror to another, depending on the position of the partial 
mirrors. The local width of the slit 95 may be selected to allow a desired correction of the 
local intensity distribution. This is achieved by arranging the optical attenuator element 
comprising mirrors 90 and 91 in a beam, such that the part of the radiation reflected by the 
mirrors remains in the beam as directed towards a desired surface, while the part transmitted 
by the slit is taken out of the beam. This taking away radiation constitutes the influence on 
the intensity distribution. Note that it is possible to take away radiation from the center of the 
beam, when the slit 95 is located in the center of the beam, i.e. 9 in an axis of symmetry, which 
is favourable in order to prevent telecentricity problems. 

[00229] Although the embodiment shown comprises a one-piece first mirror 90, it is also 
possible to use a composite first mirror. This allows an even better symmetrical slit 95. The 
number of part mirrors for the first and second mirrors 90, 91, may be anything between 1 
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(one-piece mirror) and a large number of between 8 and up to 40. The complexity of the 
system will increase with the number of part mirrors, as will the flexibility thereof. 

[00230] Figure 14 illustrates diagrammatically a sixth embodiment of the illumination 
system according to the invention. 

[00231] Herein, beam 4 is reflected by mirror 100, which has a slit 101, through which 
movable strips 102 project, which have an end face 103. 

[00232] Mirror 100 may be any mirror already present in the apparatus, which is preferred 
in the case of EUV systems due to keeping extra reflection losses to a minimum, or may be an 
additional mirror, which possibly requires redirection of the beam 4. The mirror has a slit 
101 in the center, or at least in a central part of the beam 4. Note that there may be more than 
one slit present. 

[00233] A number of radiation blocking strips 102 is present in the slit 101 . It is also 
possible to use separate holes or apertures for the individual strips, instead of one or more 
slits. The number of strips is not limited to the number depicted, but may vary between a low 
number such as one or two, and any high number up to say 50. A number of between 10 and 
35 is preferred because this gives a good mix of flexibility in modifying the radiation of the 
beam 4 with limited complexity of the optical attenuator element. 

[00234] The strips 102 are movable in a direction through the slit 101, by means of strip 
moving means (not shown). The strip moving means may be any suitable means, such as 
piezo-electric motors. Preferably, the strips are independently movable, and a preferred 
direction of movement is perpendicularly with respect to the plane of the mirror, as indicated 
by arrow C, although any other non-parallel direction would be allowed as well. A big 
advantage of this embodiment is that the strip moving means may be present on the side of 
the mirror 100 that faces away from the beam 4. This ensures that these do not influence the 
beam of radiation. Furthermore, they may be arranged at a location where space is available, 
i.e., away from crowded parts of the apparatus. 

[00235] When the strips protrude through from the plane of the mirror 100, on the side 
where the beam 4 strikes the surface of the mirror, they will block a part of the radiation. The 
further the strips protrude through the plane, the more radiation is blocked. It is advantageous 
to keep the area of slit and/or apertures as small as possible. This ensures that, in case no 
blocking of radiation is desired, the remaining slit 101 (or apertures) takes away as little 
radiation as possible. Advantageously, each strip has an end face 103 which is capable of 
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reflecting radiation. Then, in case no blocking action is required, the end faces 103 of the 
strips may be arranged flush with the surface of the mirror 100, preferably the end faces 103 
and the mirror surface forming a continuous surface. This allows in principle 100% 
reflection of radiation. 

[00236] Note that the term "strip" is meant to encompass any relatively narrow shape, 
which may comprise true strips, i.e., having a low thickness/width ratio, but also bars, rods 
etc., which are more easily provided with a reflective end face. 

[00237] Figure 15 shows an optical attenuator element of a seventh embodiment of the 
illumination system according to the invention. 

[00238] Herein, a quartz plate is denoted by 1 10, whereas 1 1 1 indicates an area irradiated 
by a beam of radiation, while 112 denotes a coating. 

[00239] A quartz plate is covered with a coating, such as an blocking coating. A part of 
this coating is removed, except in a part 112, which then has a higher transmission for the 
radiation used. The part of the coating to be removed may be determined by measuring the 
intensity distribution without the optical attenuator element being present. Deviations from 
the desired intensity may then be transferred, either one-to-one when in focus or calculated 
from a convoluted projection on a position of the attenuator element, to the attenuator 
element as a width of coating to be removed. Care must be taken to ensure that the remaining 
part 1 12 is aligned with the area 111, corresponding to a projection of the beam of radiation 
onto the quartz plate. The edges of the remaining part 1 12 are constructed to block a desired 
part of the radiation. Thereto the remaining part 112 has rough edges, where the coating has 
been removed, the width of the removed part corresponding to the amount of radiation to be 
blocked (or absorbed). Preferably, the coating is removed in a symmetrical fashion with 
respect to a central line of the beam, to prevent telecentricity and ellipticity problems, as 
discussed above. 

[00240] An alternative is to apply a blocking coating only in the center of the beam, the 
width of this coating again corresponding to the amount of radiation to be blocked. 

[00241] Instead of removing coating it is also possible to cut out a foil with the desired 
profile or shape, and cover the quartz plate with the foil, or apply any other material in the 
desired pattern to the quartz plate. Next, the coating is applied to all of the surface. By 
subsequently removing the foil or other originally applied material, a part of the quartz plate 
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will have remained free from coating. For better results it is possible to apply foil and coating 
to both sides of the plate. 

[00242] Note that the plate need not be made of quartz. Any material which is 
transmissive for the radiation used is possible, such as ordinary glass for visible radiation, 
and some fluorites, as an alternative to quartz for deep UV applications. 

[00243] The filter thus provided may be located in principle at any position, and 
preferably close to a field plane, within the beam. An advantage is that it is a thin optical 
attenuator element. It is possible to combine a number of equal or different filters in sets, thus 
allowing the intensity distribution of the beam to be changed in a simple and economical way. 

[00244] Figure 16 diagrammatically shows a plan view of an optical attenuator element of 
an eighth embodiment of the illumination system according to the invention. 

[00245] The attenuator element comprises a first plate 120, and a second plate 121, which 
are movable round a first axis 123, a second axis 124, as indicated by arrows I and n, 
respectively, and also movable with respect to each other along the direction of arrow m. A 
window 122 indicates the intended projection of a beam of radiation. 

[00246] The plates 120 and 121 are transmissive filters, having an index of transmission 
which varies along, e.g., the length and/or width of the plates. Advantageously, the index of 
transmission of plate 120 will vary in a complementary sense to the variation of the index of 
transmission of plate 121. E.g., when the index of transmission of plate 120 increases 
(linearly or otherwise) when going from left to right in the drawing, then the index of 
transmission of plate 121 will decrease (again, linearly or otherwise) in the same direction. 
By providing the two plates in an overlapping fashion, such that the beam of radiation will 
pass both plates 120 and 121, as indicated by window 122 in the figure, both plates will 
attenuate the radiation. This may be used to correct an intensity distribution variation which 
is symmetrical, but also for example a distribution which has a "tilt," i.e., which is linearly 
increasing in a direction. 

[00247] E.g., one may provide two plates 120 and 121 with transmission coefficients 
which increase complementary to each other (see Figure 17). By shifting the plates 120 and 
121, in the y-direction, or shifting the plates 120 and 121 with respect to the beam (or 
window 122), the total transmission coefficient may be influenced, which may also serve to 
correct an intensity distribution which varies symmetrically in, say, x-direction. Note that it 
is not necessary that both plates have transmission coefficients which vary linearly, though at 
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least a complementary variation may be used. Furthermore, by rotating one plate or both 
plates, round the corresponding axis 123 or 124, it is possible to create a total transmission 
coefficient which may correct an intensity distribution which varies in, for example, the x- 
direction. 

[00248] Figure 17 shows a combined transmission of the optical attenuator element of 
Figure 16 as a function of position, or displacement, of one filter with respect to the other. As 
discussed above, the transmission coefficient shows the possibility of correcting an intensity 
distribution which shows a deviation which is symmetrical in the x-direction. A "tilt" in the 
intensity distribution may be corrected by rotating and shifting the plates such that the 
combined transmission along the length of the two filters is represented by the line 125 in 
Fig. 17. 

[00249] Figure 18 shows a diagrammatical perspective view of an optical attenuator 
element according to a ninth embodiment of the illumination system according to the 
invention. 

[00250] Herein, 130 is a transparent body, having a number of channel 131 therein, 
running from a front face 132 to a back face 133. Ducts 134 connect the channels to a 
medium supply 135, which is connected to a medium supply control means 136. 

[00251] For clarity's sake, only two ducts 134 are shown, where in reality every channel 
131 may be provided with a duct 134. 

[00252] The body 130 is made of a material which is sufficiently transparent for the 
radiation to be used. In most cases, e.g., quartz will have sufficient transmission, but in other 
cases certain types of glass or plastics will satisfy the requirements. 

[00253] The channels 131 in the body 130 are shown to run from front face 132 to back 
face 133. They may be open channels but also sealable channels, in which latter case the 
channels could also be called cavities within body 130. The shape of the channels 131 is not 
particularly limited, and could have, e.g., a circular cross-section. However, in many cases a 
more or less rectangular shape of the channels 131 will be satisfactory. In order to be able to 
influence as large an area as possible, it is advantageous to have as little material of the body 
130 between adjacent channels 131 as possible. The channels 131 may be present over all of 
the body 130, but also only in a desired part of the body, such as a central part with respect to 
a beam of radiation that is to pass through the body. The width of the channels may depend 
on the dimensions of the beam to be influenced. Often a beam width of between 10 mm and 
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200 mm is used, although others are not excluded. In those cases a channel width of between 
0.5 mm and 10 mm ensures a reasonable number of channels of between 5 and 150, whereas 
a number between about 8 and about 50 offer still very good possibilities of influencing the 
beam, while limiting the complexity. The channel height may be selected according the 
media to be used. A height of a few tenth of a millimeter will normally suffice. 

[00254] A well known type of supply and supply controller are printer heads and ink 
cartridges for printers, in particular ink jet printers. These comprise nozzles and technology 
to control ink flow therethrough. Such printer heads and cartridges and the technology on 
which these are based, may be used advantageously. 

[00255] One or more of the channels may be filled with a medium, i.e., a liquid, a gas, at 
low or high pressure. The medium is present in order to be able to modify the transmission of 
the attenuator element as a whole, because the medium may be more absorptive than the 
material of the body 130, or in some cases less absorptive. Examples are water with an ink or 
some colorant, or gases which absorb at least some of the radiation. Water is a medium 
which is transparent down to very short wave radiation, and is e.g., reasonably transparent 
down to 190 nm. Other liquids and gases may also be used, e.g., various oils. 

[00256] The medium may be present permanently or temporarily. It is possible to supply 
medium to the channels 131 by means of the ducts 134 and the medium supplies 135, which 
supplying is controlled by the medium supply control means 136, e.g., a microcomputer. 
This supplying may be performed as a one-time action, in that the channels, or cavities, are 
constantly filled with one and the same type of medium. It is also possible to vary the supply 
of medium and/or its transmission properties in dependence of requirements, e.g., in case the 
intensity distribution varies in time. It is then possible to provide a flow of medium through a 
channel 131, wherein medium may be drained either at an opening in the front face 132 or the 
end face 133, or through the duct 134, or alternatively through an additional drainage duct 
(not shown). This allows continuous freshening or changing of the amount of medium, and 
e.g. a concentration of absorptive components therein, ensuring a dynamic control over 
transmission properties. This may be performed independently for each individual channel or 
cavity. After a certain medium has fulfilled its function, it may be substituted by a new 
medium, by flushing the channels or cavities 131, and supplying the new medium. 

[00257] Fig. 20a-c show alternative embodiments to Fig. 12. 
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[00258] Fig. 20a shows a plan view and a side view of an optical attenuator device having 
5 elements 140 that are movable in the direction of the arrows. Each element 140 has a part 
141 with a substantially 100% transmission, and a part 142 with a transmission of say 90%. 
A cross-section of a beam of radiation is indicated with a dashed line. 

[00259] Due to the high transmission, the dimensions of the elements 140 should be large 
enough to still be able to correct up to some 1.5%, and sometimes up to 10% of the intensity. 
However, because the elements are large enough to cover all rays going towards a single 
point on the level of the surface to be illuminated, e.g., the patterning device, there is no 
ellipticity. And because of the low influence on the edge of the beam (only 10% absorption), 
telecentricity problems are small. 

[00260] The side views shows the five elements 140, where slits between the elements 
may leak light therebetween. 

[00261] Fig. 20b shows a double-sided version of the embodiment of Fig. 20a, wherein 
the elements 140 (only three are shown) are overlapped by a second set of elements 143, that 
are also movable, in the direction of the arrows as shown. The elements 143 of the second set 
and the elements 140 of the first set have their less transmitting part at opposite sides. This 
ensures that a symmetrical attenuator device is obtained, thus further removing telecentricity 
risks. Furthermore, the elements are shown to overlap, thus decreasing leaking of light 
between elements. Furthermore, the elements are shown with a larger width, in order to end 
up with the same number of elements, to not increase complexity. The space available for 
actuators (not shown) of the elements thus also increases. Alternatively, the width of the 
element may be selected to be the same as in the embodiment of Fig. 20a, allowing a more 
precise correction of the intensity. 

[00262] Fig. 20c shows another embodiment to decrease the possible influence of light 
leaks due to slits between elements. Here, the elements 140 are tilted with respect to a 
scanning direction S of the lithographic apparatus in which this embodiment maybe used. 
The scanning direction is in the vertical of the drawing. Since the elements and thus the slits 
are tilted, any light leaking through a slit will be spread out in the non-scanning direction. 

[00263] Although not shown, it is also possible to provide a second set of elements, also 
tilted, but in a direction that is mirrored with respect to the scanning direction. This provides 
both overlapping of elements, a symmetrical attenuator device preventing telecentricity, and 
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any light leaking through slits between elements is furthermore smeared out. As such this 
embodiment provides optimum results. 

[00264] While specific embodiments of the invention have been described above, it will 
be appreciated that the invention may be practised otherwise than as described. In particular, 
it is possible to use any technically possible combination of illumination systems and/or 
optical attenuator elements therefor, such as two bodies with medium-filled channels, which 
bodies are rotatable with respect to each other. Such a combination would offer the 
possibilities of both the embodiment discussed in connection with Figure 16 and the 
embodiment discussed in respect of Figure 18. The description is not intended to limit the 
invention. 
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